Theoretical Modeling Background
A simplified CSO model is presented as a rapid and inexpensive way to predict the CSO loadings and concentrations of contaminants. Qo and Co characterize a wastewater stream from all other sources that connect directly to the main sewer interceptor without being part of CSOs. Corresponding to each sewer line, there is a CSO outfall to the river. Variables
Qc and C c (i=1,2, ... , n) are designated, respectively, the volumetric flow rate of the cso ~tream and the concentration of the pollutant in it. The other output is the main stream going to the Detroit Wastewater Treatment Plant (DWWTP). This main stream is characterized by variables Qt. and Ct. representing the volumetric flow rate of the stream and the concentrktion of the pollutant in it.
Variables QT and C T are designated, respectively, the total volumetric flow rate and concentration to the DWWTP.
Sub-system Model for a Daily-Average-Based Estimation
The structure of each of the n sub-systems is illustrated in Figure 17 .2 for a detailed analysis. Here we neglect hydraulic interactions between adjacent subsystems. Each sUb-system is still modeled as a mixer-splitter, with the following assumptions:
1. As a mixer, the flow rate is the sum of the flow rates of all input streams. In the mixer, perfect mixing is a'>sumed. Hence, the concentration of a pollutant is the ratio of the total input of the pollutant to the total volume flow into the sub-system. 2. As a splitter, the concentration of the pollutant in each split branch is the same as that before splitting; the sum of the flow rates in all branches is the same as the flow rate before splitting. 3. Any wastewater leakage from the mixer-splitter is negligible.
In each sub-system i, there exist two inputs, a dry weather flow and a runoff. Each input is characterized by the flow rate of a stream and the concentration of a pollutant in the stream. The two inputs are well mixed in the mixer. The mixed stream is characterized by the flow rate, Q's. , and the concentration of a pollutant, I C's' The mixed stream is then split into two branches. One branch as a CSO goes dir~ctly to the Detroit River. The flow rate of this stream, QC j , is a portion ofthe runoff into the same sub-system. This portion is characterized by the factor, fli. Thus:
According to the CDM report (Camp, Dresser, and McKee, 1993) , this factor averages 0.51 for the entire DWSD system; this value is used throughout this study, but can be changed if site-specific information is available. The concentration of the CSO, Cc., is the same as that of the mixed stream, C's., as I I the splitting only affects the flow rate. (17.5)
Theoretical Modeling Background
The loading of the pollutant in the CSO, Lj , is: (Cave et a!., 1994) . The SWMM RUNOFF model calculates the amount and timing of overland discharge Q~. from defined combined sewered areas for specific rainfall events. This SWMM'model can simulate the runoff response with a variety of different rainfall hyetographs imposed on different portions of the system.
With the above two assumptions, we can derive a pseudo-dynamic model based on the steady-state model in Equations 17.5 and 17.6. The concentration of a pollutant in the CSO at the time t, i.e. Cc. (t), can be evaluated: 1 Q; (t)e; + Q:C:
The loading of the pollutant in the CSO to the Detroit River at time t, i.e. L j (t), is:
Modeling Methodology
A simplified CSO model has been developed for the prediction of CSO loadings and concentrations to the Detroit River. We have considered three groups of input variables to the model: the runoffloadings and concentrations of pollutants by land use; the runoff and CSO volumes; and the dry weather loadings and concentrations of pollutants. In this study we focused on three constituents, cadmium, copper, and lead.
The first input data, the runoff concentrations by land use of cadmium, copper, and lead were obtained from the stormwater pollutant loading factors presented in the Rouge River National Wet Weather Demonstration Project Report (Cave et al., 1994) . These runoff concentrations, which are a function of locally derived land use empirical values, automatically incorporate the average leakage from Michigan's Act 307 contaminated sites and atmospheric deposition through runoff.
The second input data, the runoff and CSO volumes, were obtained from SEMCOG's database system (daily precipitation) and the CDM report (Camp Dresser and McKee, 1993) . CDM developed a complete hydraulic model of the major sewer interceptors to estimate response to rainfall events and assess potential combined sewer overflow control measures within the region tributary to the DWWTP in 1993. They selected the period of record of precipitation for January 1, 1982 through December 31, 1992 and calculated the annual average rainfall to be 34.25 inches (870 mm). However we require the precipitation record for the specific year. The Michigan Department of Agriculture (MDA) manages the SEMCOG rain gage network data; they supplied the daily average precipitation summary ofthe 72 stations in the SEMCOG Network for the years 1982 through 1994 in a digital format (the MDA/Climatology and MSUI Agricultural Weather Service Program's jointly operated Bulletin Board System). We selected ten rain gage stations over the Detroit River basin and calculated the arithmetic (equivalent to area averaged) average of gaged quantities for any specific year.
The third input data, the dry weather flow rates and concentrations of cadmium, copper, and lead, were obtained from the DWSD IWC database (1993) (1994) and residential sources (Garakani et ai., 1991; Kuplicki, 1995) .
A Simplified csa Model
The schematic diagram of simplified CSO modeling is shown in Figure  17 .3. Because actual case studies involved complicated geometry and source functions, the modeling was performed in two model scenarios. First, dailyaverage-based estimation of CSOs concentrations was conducted using the cadmium data in 1980 from Section 20 1 Final Facilities Plan report for the whole Detroit River basin. Second, storm-event-based estimation of CSOs concentrations was performed for two sampling sites (Conner Creek and Fischer sites).
The U.S. Geological Survey (USGS) monitored four CSOs discharging (Conner Creek, Fischer, Schroeder, and Rosa Parks sites) to the Detroit River in 1994-1995 to characterize storm-related water quantity and quality and to calculate their respective pollutant loads. Flow measuring stations are located as near as practicable to the outlet of each CSO. Water-level, velocity, discharge, and precipitation were measured continuously. Samples at an sites were collected at discrete times during each storm event. Thus estimates of variability of pollutant concentrations during a single event can be made (these could be stochastically distributed in a next version).
[-""OFF DATA )-- In daily-average-based estimation we used the flow rates and concentrations data of cadmium in 1980 from Section 201 Final Facilities Plan Report (Giffels et a!., 1980) . The dry weather quality and industrial wallte loadings were available for the Detroit Water and Sewerage Department's service area at various locations.
Data Input for Model Scenario I
Three input variables are used for this Model Scenario 1: the average daily runoff concentrations by land use, the average daily runoff and CSO volumes, and the average daily dry weather flow rates and concentrations of cadmium.
Average Daily RunojfConcentrations by Land Use/or Cadmium
We used the recommended concentrations by land use category (Table  17 .1) presented in the Rouge River National Wet Weather Demonstration Project report (Cave et aI., 1994) . 
Average Dai(v Runofland CSO volumes
We decomposed the Metro-Detroit basin into four sub-systems and obtained the runoff and CSO volumes (Table 17 .2) following the CDM report (Camp Dresser and McKee, 1993) .
These concentrations are typically total recoverable metals, and are used because the dissolved fraction is not available. Sedimentation and resuspension values are unknown and in this work that level of detail is not desired. 
Dry Weather Flow and Concentrations
The dry weather flow and concentrations of cadmium in 1980 were obtained from Section 201 Final Facilities Plan report (Giffels et aL, 1980) .
Storm Event-Based-Estimation: Model Scenario 2
In storm-event-based estimation we used the flow rates and concentrations data of cadmium, copper, and lead in 1993 from the DWSD Industrial Waste Control (IWC) database.
Monitoring Sites
Conner Creek District. Conner Creek district drains primarily into the Conner Creek Sewer, which flows in a general north-south direction and discharges through the Conner Creek regulator into the Detroit River Interceptor (DRI) or through the Conner Creek outfall to the Detroit River. The Conner Creek Sewer also transports suburban flow from the City of Centerline.
Fischer District. Fischer district is a small overflow draining area from primarily residential areas in the vicinity ofIndian Village. Flow transported in the Fischer Sewer is either pumped into the DR! by the Fischer Pump Station or overflowed to the Detroit River through a triple box outfan.
Data Input for Model Scenario 2
Three input variables are used for storm-event-ba..<;ed estimation (Model Scenario 2): the average runoff concentrations by land use, the average CSO volumes by unit time, and the average dry weather flow rates by unit time and concentrations of cadmium, copper, and lead.
Average RunoflConcentrations by Land Use for Three Constituents. We used the recommended concentrations by land use category (Table 17 .1) presented in the Rouge River National Wet Weather Demonstration Project report (Cave, et aI., 1994 
Modeling Results and Discussion
Two model scenarios were evaluated using a simplified CSO model. First, daily-average-based estimation ofCSOs concentrations was conducted using the cadmium data in 1980 from Section 20 1 Final Facilities Plan report for the whole Detroit River basin. Second, storm-event-based estimation ofCSOs concentrations was performed for two sampling sites (Conner Creek and Fischer sites).
Dally-Average-Based Estimation: Model Scenario I
The estimated average daily CSO concentration of cadmium for overall system in 1980 is 27.2 Jlg/l, which is 15% lower than the CSO monitoring data (32.0 Jlg/l in 1979 from Section 201 Final Facilities Plan Report (Giffels et aI., 1980) . The computed average daily concentration ofDWWTP inflow (30.6 Jlg/ I) in 1980 is 11 % higher than the estimated average daily CSO concentration (27.2 Jlg/l). The computed results are illustrated in Figure 17 .4.
Storm-Event-Based Estimation: Model Scenario 2

Quantification of Combined Sewer Overflow
We used the hypothetical time-series CSO volume for each district (Table  17. 3).
Dry Weather Flow Rates and Concentrations
The Industrial Waste Control CIWC) database includes information only for Significant Industrial Users (SIU) that are required to participate in the Industrial Pretreatment Program. Hence we treated the concentration ofthe flow contributed from remaining Industrial Users as the same as that of residential flows. The concentrations of residential flow for cadmium, copper, and lead, were obtained from the dry weather flow analysis of domestic/commercial discharges in the DWSD Industrial Waste Control Program Report (McNamee et aI., 1995) . Table  17 .4 summarizes the dry weather flow concentrations for three parameters. 
Predicted Time-series csa Concentrations
The computed time-series CSO concentrations of three constituents at two sampling sites (Conner Creek and Fischer) are illustrated in Figures 17.5 through 17.7. The averages of computed CSO concentrations for each parameter were compared with the averages of pollutant qualities (Table 17 .5) that were sampled and analyzed during 1994-1995 by USGS and DWSD.
As shown in Figure 17 .5 for CSO concentration of cadmium for the 10 hour duration, the concentration follows the runoff flow so that the CSO concentration profiles illustrate a decreasing trend after the peak flow (2nd hour) ofCSO. This decreasing trend occurs in both Conner Creek district and Fischer district. The USGS has measured the CSO event concentrations at four CSO locations. We can compare the theoretical predictions with the USGS field data if we adjust the USGS data sets for samples with values below the detection limit.
We assumed that the concentrations which are recorded as below detection limit (BDL) are equal to 50% ofthe detection limit.
Based upon the results (Table 17 .5) for the storm-event-based estimation for the Conner Creek site, the average of computed CSO concentrations of cadmium during a 10 hr period deviates by 60% from the measured value, copper (Cu) 18%, lead (Pb) 28%. For the Fischer site, the average of computed CSO concentrations of cadmium (Cd) differs by 49%, from the monitored value, copper 58%, lead Assumed that concentrations which are recorded as BDL are equal to 50% of thc detection limit.
Modeling Results and Discussion
I 7.4 Concl usion
Representing a design in which sewage and surface runoff combine and exceed retention and treatment system capacity, CSOs are identifiable as a troubling source of contamination for water bodies that are cumulative recipients of overflows. CSOs conect and transmit contaminants from a variety of other sources. Since 1989, the DWSD has been engaged in discussions with the Michigan Department of Environmental Quality (MDEQ), the National Wildlife Federation (NWF) and the Greater Detroit Chamber of Commerce (CofC) on the activities to be undertaken to minimize PCB and mercury inputs to the sewer system (Detroit Water and Sewerage Department, 1995) . Because of the City of Detroit's Industrial Pretreatment Program, the general decline of industrial activity in the area, the conscientious efforts of industries to reduce discharges through pollution prevention, and other factors, the CSO concentrations and loadings of pollutants were substantially reduced during the last decade. This study is a planning level approach to the CSO concentration prediction at CSO outfalls using a simplified CSO model. The average runoff concentrations of pollutants by land use, the average runoff and CSO volumes, and the average dry weather flow rates and concentrations of pollutants were used as inputs to the model. The modeling was perfOlmed for two model scenarios: a daily-average-based estimation and a storm-event-based estimation.
The results for the daily-average-based estimation indicated that the computed average daily CSO concentration of cadmium for the overall system in 1980 (27.2 J..I.gIl) is close to the monitored data (32.0 J..I.gll) in 1979. The results for the storm-event-based estimation revealed that the average of computed CSO concentrations of cadmium in the Conner Creek site during a 10 hr period deviates by 60% from the measured value, copper 18%, lead 28%. For the Fischer site, the average of computed CSO concentrations of cadmium differ by 49% from the monitored value, copper 58%, lead 44%.
According to the computed CSO concentration of cadmium for the 10 hour duration, the concentration occurs by the runoff flow so that the CSO concentration follows a decreasing trend after the peak flow (2nd hour) of CSO. This decreasing trend occurs in both the Conner Creek district and the Fischer district. The CSO concentration of copper in the Conner Creek shows dilution by runoff flow that is opposite to the Fischer site. For the Conner Creek district, the industrial effluents from many plants are diluted with runoff flow. For the Fischer district, the CSO volume consists primarily of residential effluents and is concentrated with runoff flow during the storm event. For the CSO concentration of lead in two sampling sites, the runoff flow increases the CSO concentrations during a 10 hour period.
The shape of the hyetograph can have a major effect on the runoff characteristics in relatively small, urbanized basins. In order to estimate the more accurate time-series CSO volumes for sampling sites, the SWMM model is a useful tool for the evaluation.
Consequently, the simplified CSO model offers a good procedure to estimate the CSO concentrations for pollutants to assist in remediation decisionmaking. This model is applicable to any Area of Concern, for example, Rouge River, although the Rouge studies can afford predictive, continuous modeling.
